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6 
synthesised: by identifying “structural units within molecules which can be formed and/or 
assembled by known or conceivable synthetic operations.”24 In other words, a synthon in a 
crystal engineering context refers to the interactions between functional groups of the 
molecules which make up the molecular crystal. Thus, synthon comprises a molecular (a 
functional group) and a supramolecular component (an intermolecular interaction). 
An example of a supramolecular synthon is the structure of the aryl-perfluoroaryl co-
crystal.25, 26 In Figure 1.2 the crystal structure of benzene-hexafluorobenzene is shown to 
contain uniform stacks of alternating units of benzene and hexafluorobenzene. 
 
Figure 1.2: Crystal structure of benzene-hexafluorobenzene: a) shows the stacks of molecular units 
from above and b) shows the side view of the stacks showing the alternating benzene-
hexafluorobenzene units.25 
Due to the aromatic nature of benzene, the reorganisation of the electronic charge 
distribution results in the formation of a quadrupole moment as the electrons in the C-H 
bonds are drawn towards the aromatic ring.27 Consequently, the C-H bond is slightly 
polarised to (δ+)H-C(δ-) leading to the formation of the quadrupole moment where the 
molecule is δ+ in the plane of the benzene ring and δ- above and below the ring (Figure 1.3a). 
In contrast, this quadrupole moment is inverted in hexafluorobenzene due to the 
electronegativity of the fluorine atoms drawing electron density from the aromatic ring 
towards themselves resulting in δ- in the plane of the aromatic ring and δ+ above and below 
the ring (Figure 1.3b). The complimentary electrostatic nature of these quadrupole moments 
allows the propagation of stacks of alternating units in the solid state with a cohesive energy 
of ~20-25 kJ mol-1.26 
Stellenbosch University http://scholar.sun.ac.za
Chapter 1: Introduction 
 
7 
 
Figure 1.3: Diagram showing the quadrupole moments of a) benzene and b) hexafluorobenzene. 
These complimentary quadrupole moments allow the formation of stacks of alternating molecular 
units shown in c).28 
Studying crystal structures enables the identification of patterns in the way that 
functional groups interact with one another and consequently, the prediction of interactions 
in the design of new crystal structures. Furthermore, similar interactions may be observed in 
molecular crystals comprised of molecules containing comparable functional groups. When 
these interactions are observed regularly in a wide variety of crystal structures, they can be 
considered to represent supramolecular synthons and can be used to design interesting and 
useful crystal structures.23 Specifically, strong directional synthons are of interest in crystal 
engineering because strong interactions are more likely to form over weak ones and 
directionality in a synthon provides control over the orientation of the molecules in order to 
form the synthon. Thus, the assembly of molecules in the solid state can be controlled to a 
certain extent. 
This control over crystal structure now allows the manipulation of interesting properties 
such as thermal and optical properties, conductivity and magnetism and many others. This 
study is interested in materials which exhibit magnetic properties. 
1.3) Magnetism 
For a material to be considered magnetic, it must exhibit magnetic ordering of unpaired 
electron spins. Materials that do not contain unpaired electrons are called diamagnetic and 
are repelled by a magnetic field. Therefore, they cannot be used in applications where a 
magnetic moment is required. Examples of such materials include copper, silver, gold, 
bismuth, beryllium and most organic molecules.29 
a) b) 
c) 
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Magnetic ordering can present itself in a number of ways due to the manner of 
interaction between individual magnetic moments within the material. These interactions 
contribute towards the net magnetic behaviour of the material, namely, paramagnetism, 
ferromagnetism, antiferromagnetism, ferrimagnetism or weak ferromagnetism (Table 1.1). 
 
Table 1.1: Diagrammatic representation of magnetic ordering of unpaired spins resulting in the net 
magnetic behaviour of materials 
Interaction Spin representation Magnetisation 
Paramagnetism 
Absence of a 
magnetic field 
Presence of an 
external magnetic 
field 
No net moment 
unless in the 
presence of an 
external magnetic 
field 
 
 
Ferromagnetism 
 
Net moment 
 
Antiferromagnetism 
 
No net moment 
Ferrimagnetism 
 
Net moment: less 
than ferromagnetism 
 
Weak Ferromagnetism / 
Canted 
Antiferromagnetism 
 
Net moment: less 
than ferromagnetism 
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17 
radicals would result in a half-filled energy band capable of conduction (Figure 1.4a). 
However, due to dimerisation the radical units, Peierls’ distortion often causes these stacks 
to deviate from uniformity, thus causing a band gap (Figure 1.4b).80 Therefore, in order to 
overcome the distortion observed in organic molecular conductors and to control the 
arrangement of potential molecular magnets in the solid state, crystal engineering 
strategies could be employed.81 
 
Figure 1.4: Band theory diagram: a) A conduction band would arise from the idealised stacking of 
π-radicals (indicated by ovals). However, uniform stacks are susceptible to Peierls’ distortion 
which causes b) where dimers form to eliminate the degeneracy of unpaired electrons. 
Consequently, a band gap is found in the conduction band.66 
1.6) Crystal Engineering with Dithiadiazolyl Radicals 
In a recent article, Haynes reviewed the past and current strategies employed in the 
design of crystal structures comprised of dithiadiazolyl radicals.66 Due to the dimerisation of 
the radicals in the solid state, it is clear that careful modification of the molecular structure 
of the dithiadiazolyl radicals is required in order to obtain desired supramolecular 
structures. To that end, the use of large bulky R-substituents such as adamantyl82 to prevent 
the dimerisation of the radicals was investigated. However, twisted dimers were observed in 
the solid state structure of 4-adamantyl-1,2,3,5-dithiadiazolyl. 
Furthermore, functional groups that could act as structure-directing groups (or synthons) 
were introduced into the molecular structure. Two of the first examples of this were shown 
in the synthesis and crystal structure determination of 3’- and 4’-cyanophenyl-1,2,3,5-
dithiadiazolyl radicals (Table 1.2).50 The cyano functionality is known to be able to form 
chains of molecules through the CN···X synthon observed in p-iodobenzonitrile83 and 
cyanogen halides.84 As predicted, the molecules formed chains in the crystal structure 
through the CN···S-S synthon. However, neither conductivity nor magnetism was observed 
in these derivatives as the radicals dimerised. 3’-Cyanophenyl-1,2,3,5-dithiadiazolyl was 
a) b) 
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found to be polymorphic displaying cis-oid and trans-antarafacial dimers in the α- and β-
phases, respectively. Cis-oid dimers were also observed in the 4’-cyanophenyl-1,2,3,5-
dithiadiazolyl radical. 
Table 1.2: Comparison of the crystal structures of 3’-cyanophenyl- and 4’-cyanophenyl-1,2,3,5-
dithiadiazolyl radicals showing chains (green) of radicals and the CN···S synthon (red dashed lines) 
 3’-cyanophenyl- 4’-cyanophenyl- 
Molecular 
Structure 
N
N
S
S
N
 
N
N
S
S
N
 
Crystal 
Structure 
 
α-phase 
 
 
β-phase 
Investigating the CN···S-S synthon further resulted in the isolation of 4’-NCC6F4CN2S2˙ 
(Table 1.3).85 This polymorphic dithiadiazolyl radical was the first of this class of materials to 
remain paramagnetic in the solid state. Two factors were identified to which this result is 
attributed. Firstly, the out-of-plane twist angle of the dithiadiazolyl heterocycle relative to 
the phenyl ring due to the fluorination of the aryl ring inhibits dimerisation. The α-phase 
exhibits a torsion angle of -32° while the corresponding angle in the β-phase is 58°C. The 
second factor is the CN···S-S synthon which forms chains of radicals in the solid state. In the 
α-phase, monomeric radicals pack in antiparallel chains linked by CN···S-S synthons. 
However, the β-phase exhibits monomeric radicals packing in parallel chains. In addition, 
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close intermolecular S···N contacts between heterocycles establish an extended three-
dimensional network. Consequently, the β-phase exhibits weak ferromagnetism at 36K.85 
Table 1.3: Crystal structures for the α- and β-phases of 4’-NCC6F4CN2S2˙ showing the out-of-plane 
twist angles (prepared in Mercury86-89), the CN···S synthon and the crystal packing diagram 
(prepared using POV-Ray). 
 α-phase β-phase 
Molecular 
Structure 
N
N
S
S
N
FF
F F  
Out-of-plane 
Twist Angle 
 
 
CN···S 
Synthon 
  
Packing 
Diagram 
  
The successful combination of the dithiadiazolyl twist angle and a favourable structure-
directing interaction prompted further study into compounds of the type p-RC6F4CN2S2, of 
which some derivatives exhibited magnetic properties.90, 91 However, it appears that the 
combination of these two factors (twist angle and structure-directing interaction) is needed 
to yield monomeric radicals in the solid state capable of magnetic susceptibility: the absence 
of either of these factors will be insufficient to overcome the tendency towards 
dimerisation. Evidence for this is seen in the crystal structure of [C6F5CN2S2]2 (Figure 1.5) 
which was first reported92 in 2009 (although the synthesis of the radical was reported as 
early as 1993).93 Here, the radicals form cis-oid dimers despite the large twist angle of 38.5°. 
Increasing the bulk of the aryl substituent through the incorporation of CF3 groups in the 
ortho-positions produced monomeric radicals in the solid state.94 
-32° 
58° 
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Figure 1.5: Despite the large twist angle of 38.5° in [C6F5CN2S2]2, radicals dimerise in the solid state 
indicating that in order to obtain monomers in the solid state, a large twist angle in conjunction 
with a structure directing synthon is required. 
Another structure-directing interaction observed in the crystal structures of the pyridyl-
derived 1,2,3,5-dithiadiazolyl radicals is the Npy···S-S synthon (Figure 1.6). Although 
[NC5F4CN2S2]2 forms chains with this synthon, its combination with the fluorine-induced 
twist was insufficient to inhibit the formation of cis-oid dimers in the crystal structure.95 The 
ortho-pyridyl-1,2,3,5-dithiadiazolyl radical also shows this synthon.96 
 
Figure 1.6: Crystal structure of [NC5F4CN2S2]2 showing dimers of the radicals (S···S thin black lines) 
linked by the Npy···S-S synthon. 
The use of co-crystallisation with dithiadiazolyl radicals has recently been investigated as 
a means to engineer a desirable crystal structure through the introduction of structure-
directing synthons on the co-crystal former. The first co-crystal was synthesised by Allen et 
al. in 2009.92 The co-crystal, [C6H5CN2S2][C6F5CN2S2], is prepared by the 1:1 co-sublimation of 
[C6H5CN2S2]2 and [C6F5CN2S2]2 and exhibits heterodimers: dimers containing one type of 
each radical associated together. 
     
Figure 1.7: Crystal structures of the homodimers of the co-crystal formers: a) [PhCN2S2]2 and b) 
[C6F5CN2S2]2, and c) the co-crystal formed by co-sublimation of the these two dithiadiazolyl 
radicals. 
Subsequent co-crystallisation experiments yielded [C6H5CN2S2][NC5F4CN2S2].
28 
Heterodimers are also observed in this structure. Nonetheless, the Npy···S-S synthon is 
a) b) c) 
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Figure 2.1: Molecular structures of 4-phenyl-1,2,3,5-dithiadiazolyl, [1] (left) and 4-perfluorophenyl-
1,2,3,5-dithiadiazolyl, [2] (right): the constituents of co-crystal [1-2]. 
The design of co-crystal [1-2] arose from a hypothesis that using a supramolecular 
synthon22 such as the aryl-perfluoroaryl interaction† would cause stacking of the 
dithiadiazolyl radicals in the crystal structure. Uniform stacking of 1,2,3,5-dithiadiazolyl 
radicals would lead to a half-filled band gap, thus allowing conduction. For bulk magnetic 
ordering to be exhibited in a molecular material such as [1-2], it needs to have both 
unpaired electrons and a magnetic exchange pathway.23 Therefore, in addition to stacking, it 
was hoped that the large fluorine atoms in the positions ortho- to the dithiadiazolyl moiety 
would force the dithiadiazolyl heterocycle to twist out-of-plane with the phenyl ring and 
thus inhibit dimerisation of the radicals. Bulk magnetic ordering could be observed if the 
radicals exist as monomers in the solid state and a magnetic exchange pathway is present 
through close intermolecular contacts. However, in the crystal structure of [1-2], the 
radicals dimerised through S···S contacts (Figure 2.2).20 A number of important interdimer 
contacts were identified that prevented the stacking of radicals. These contacts include 
interdimer S···N, S···C and S···Ar interactions.  
 
Figure 2.2: Crystal structure of [1-2]20 showing intermolecular contacts: intradimer S···S (purple) 
and intermolecular S···Ar (black), S···N (green) and S···C (red) contacts inhibit the stacking of the 
co-crystal formers in the solid state. 
                                                          
†
 This supramolecular synthon was discussed in Chapter 1, Section 1.2. 
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Further research into co-crystallisation of dithiadiazolyl radicals yielded co-crystal [1-3] 
comprising heterodimers of the phenyl-, [1], and 4-(4’-perfluoropyridyl)-1,2,3,5-
dithiadiazolyl, [3], radicals (Figure 2.3).24 
N
N
S
S
N
FF
F F  
Figure 2.3: Molecular structures of 4-phenyl-1,2,3,5-dithiadiazolyl, [1] (left) and 4-(4’-
perfluoropyridyl-1,2,3,5-dithiadiazolyl, [3] (right): the constituents of co-crystal [1-3]. 
The design concept of [1-3] was similar to that of [1-2]: of a perfluoroaryl-substituted 
dithiadiazolyl radical was used as a co-crystal former with [1], to induce stacking of the 
radicals and inhibit dimerisation through the substituent-induced out-of-plane twist of the 
dithiadiazolyl and perfluoroaryl rings. In addition, it was hoped that using the 
perfluoropyridyl substituent would introduce a useful supramolecular synthon (Npy···S-S) 
that would cause the radicals to form chains in the structure. 
Despite this design strategy, the radicals dimerised in the crystal structure (Figure 2.4)24 
but the Npy···S-S synthon was robust enough to be present in the co-crystal structure. 
 
Figure 2.4: Crystal structure of [1-3]24 showing in the intermolecular interactions: intramolecular 
S···S (purple) and intermolecular Npy···S (green) contacts. 
From these results, it appears that the introduction of a structure directing 
supramolecular synthon on a co-crystal former is able to cause a change in the crystal 
structure. This can be likened to the use of supramolecular synthons in homomeric crystals 
of 1,2,3,5-dithiadiazolyls where structure directing synthons have caused interesting crystal 
structures to form: for example, the cyanophenyl-substituted derivatives which show 
dimeric (3’- and 4’-cyanophenyl-)25 and monomeric (4’-cyanoperfluorophenyl-)19 1,2,3,5-
N
S
S
N
[1] [3] 
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46 
In order to investigate this observation further, hot-stage microscopy was used. In this 
technique, the sample was heated up to 90 °C and the crystals were monitored visually by 
microscope. A photograph of the sample was taken every 18 seconds. As the sample 
reached 90 °C, the crystals of [3] changed from a blue colour to black (Figure 2.17). Once the 
crystals had cooled sufficiently, they were analysed visually by microscope using a light 
polarising filter and it appeared that they were no longer single crystals. Therefore, the 
crystals of the new phase of [3] were unsuitable for SCXRD as a powder had formed and it 
could not be determined if, in fact, a phase change had occurred by structural analysis. 
 
Figure 2.17: Hot-stage photos of [3]: a) at 24.9 °C, b) at 87.1 °C, c) at 88.5 °C and d) at 90 °C 
showing a phase transition between 88.5 °C and 90 °C. 
In an attempt to characterise this new phase further, a sample of [3] was analysed by 
variable temperature powder X-ray diffraction (VT-PXRD). The results of this analysis are 
shown in Figure 2.18. 
a) b) 
c) d) 
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peak in the negative spectrum corresponds to the deprotonated starting material, 4-
hydroxy-benzonitrile. 
  
Figure 3.2: ESI Mass spectra of a) [1] in positive mode and b) [1] in negative mode. 
The positive ion mass spectrum for 4-(4′-carboxyphenyl)-1,2,3,5-dithiaidiaozlylium 
chloride, [2], is shown in Figure 3.3 a) where the dithiadiazolylium ion corresponds to m/z = 
224. The base peak at m/z = 165 corresponds to the amidine by the loss of disulphide. The 
negative ion mass spectrum for [2] is shown in Figure 3.3 b) where the base peak at m/z = 
146 corresponds to the starting material, 4-carboxy-benzonitrile. The peak at m/z = 178 
corresponds to the loss of the carboxyl group from [2]. 
It should be noted that the mass spectra for [1] and [2] show numerous unidentifiable 
peaks and thus, it was assumed that the salts had formed in very low quantities. 
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Figure 3.3: ESI Mass spectra of a) [2] in positive mode and b) [2] in negative mode. 
In order to optimise the reaction, it was thought that using an additive would improve 
the yield. Such an additive should either make the nitrile more electrophilic or make the 
LiHMDS a better nucleophile, therefore making nucleophilic attack on the nitrile more likely. 
Thus, it was decided that a Lewis base such as hexamethylphosphoramide (HMPA) or 
tetramethylethylenediamine (TMEDA) could be used to complex to the lithium ion in 
LiHMDS, consequently making the (Me3Si)2N
− a better nucleophile.  
The reaction with 4-carboxy-benzonitrile was thus repeated using HMPA as an additive. 
HMPA is able to act as a Lewis base and complex to metal ions in solution. This property is 
useful as HMPA can coordinate to lithium ions in solution, thus increasing the nucleophilicity 
of (Me3Si)2N
−. It was observed that the starting nitrile dissolved much more easily in the 
LiHMDS-HMPA solution. This is attributed to the fact that HMPA is also an aprotic polar 
solvent which is often used to help polar molecules dissolve in non-polar solvents. The 
solution was stirred overnight producing a clear pale yellow solution. The dropwise addition 
of S2Cl2 to this solution caused a series of vivid colour changes, ultimately precipitating a 
yellow-green solid. In addition, a liquid which was immiscible with diethyl ether was 
observed. The solution was filtered and the solid was dried in vacuo yielding a sticky orange 
residue. The residue was analysed by LC-MS (ESI) which showed that the desired 
dithiadiazolylium chloride salt, [3] had been formed (Figure 3.4). The dithiadiazolylium ion 
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can be seen at m/z = 225.3 with the loss of sulphur yielding m/z = 193.2. The base peak 
corresponds to the loss of a carboxyl group from [3] (m/z = 180.2). The peaks from m/z = 
359.3 upwards may correspond to the possible side products shown in Scheme 3.3. 
 
Figure 3.4: Mass spectrum of the product of the reaction to form [3] using HMPA as an 
additive to improve the nucleophilicity of LiHMDS. 
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Scheme 3.3: Possible side products observed in the mass spectrum (Figure 3.4) from the 
attempted synthesis of [3] using HMPA as an additive. 
As expected, the synthesis of dithiadiazolyl radicals on starting nitriles containing 
hydrogen-bonding moieties was not trivial. Thus, it was decided that an alternate route to 
form these dithiadiazolyl radicals needed to be investigated. 
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indicating that the reaction was successful in synthesising 4-phenyl-1,3,2,4-dithiadiazolylium 
chloride, [4] (Figure 3.5). 
 
Figure 3.5: Mass spectrum of the 4-phenyl-1,3,2,4-dithiadiazolylium chloride salt, [4], 
formed using NH4Cl and SCl2 in nitrobenzene. 
This reaction procedure was attempted using several starting nitriles containing 
hydrogen-bonding groups. The first of these was the reaction with 4-carboxy-benzonitrile. 
The reaction mixture was refluxed for 7 hours, after which it was cooled resulting in the 
formation of an orange solid. The orange solid was analysed by MS (Figure 3.6) to determine 
the nature of the product. Interpretation of the analysis revealed that the desired salt, 4-(4′-
carboxyphenyl)-1,2,3,5-dithiadiazolylium chloride, [5], had formed but in a very low yield. 
The dithiadiazolylium ion can be seen at m/z = 224. Loss of the carboxyl group yields the 
peak at m/z = 179. In addition, the peak at m/z = 164 corresponds to the amidine. However, 
the two major peaks in the MS are m/z = 124 and 338. The m/z= 124 peak corresponds to 
two possible analytes, nitrobenzene and [S3N2]
+, which forms as a by-product. 
 
Figure 3.6: MS of the product of the reaction of 4-carboxy-benzonitrile with NH4Cl and SCl2 
in nitrobenzene yielding [5] 
Several peaks, including m/z = 205, 211 and 338 are observed in this spectrum and the 
spectra of subsequent reactions. These peaks are attributed to possible sulphur-nitrogen 
m/z
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side products that could form during the reaction between NH4Cl and SCl2 such as the one 
shown in Figure 3.7. 
N
S
N
S
N
S
Cl
Cl
Cl2N3S3
+
m/z: 209.1
 
Figure 3.7: A possible side product that could form in the reaction using NH4Cl and SCl2. 
Other possible thiazyl compounds may account for the peaks at m/z = 205 and 338. 
The reaction using NH4Cl and SCl2 was attempted with the 4-hydroxy-benzonitrile. The 
mixture was refluxed for 5 hours after which it was cooled, precipitating a dark purple 
powder which was dried in vacuo. The sample was analysed by MS (Figure 3.8) which 
revealed the formation of the protonated dithiadiazolyl heterocycle [6] by the presence of 
the molecular ion peak at m/z = 198. However, 1H-NMR analysis showed an unidentifiable 
and intractable impurity which obscured the aromatic region of the spectrum. 
Consequently, the product of this could not be identified by 1H-NMR analysis. 
Sublimation of the powder produced no crystals and reduction reactions with Ph3Sb were 
unsuccessful. EPR analysis of the product showed no unpaired electrons indicating that a 
radical had not formed. 
 
Figure 3.8: MS of the product mixture of the reaction of 4-hydroxy-benzonitrile with NH4Cl 
and SCl2 in nitrobenzene yielding [6]. The peaks at m/z = 205 and 211 are attributed to 
thiazyl side products formed between NH4Cl and SCl2. 
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In addition, the procedure using NH4Cl and SCl2 in nitrobenzene was attempted with the 
4- and 2-amino-benzonitrile starting materials. The reaction with the 2-amino-benzonitrile 
gave a similar result to the 4-hydroxy-derivative. The product obtained was also a dark 
purple powder. 1H-NMR analysis yielded a similar result to the reaction with 4-hydroxy-
benzonitrile: the presence of an unidentifiable and intractable impurity obscuring the 
aromatic region preventing the identification of the product. Sublimation and reduction 
reactions were unsuccessful in producing crystals or radicals, respectively.  
In contrast to the previous reactions using NH4Cl and SCl2, the experiment with 4-amino-
benzonitrile yielded a bright orange powder reminiscent of the dithiadiazolylium chloride 
salts. MS (Figure 3.9) showed the molecular ion peak of the dithiadiazolyl heterocycle, [8], at 
m/z = 195 (M-H)+. Furthermore, loss of the amine yields the peak at m/z = 178. 
Fragmentation resulting in the loss of a sulphur or disulphide yields peaks at m/z = 164 and 
133, respectively. The peak at m/z = 153 may correspond to some sulphur-nitrogen side 
product such as HN4S3
+ shown adjacent to the peak. Reduction reactions proceeded 
similarly to known reductions by a colour change from orange to purple. However, crystals 
of this purple product could not be grown by sublimation. 1H-NMR analysis was performed 
on this product yielding the same results as before: an intractable impurity in the aromatic 
region. Consequently, 1H-NMR and MS disagreed regarding the formation of the 
dithiadiazolyl from the reaction of NH4Cl and SCl2 with 4-amino-benzonitrile in 
nitrobenzene. 
All these reactions using NH4Cl and SCl2 in nitrobenzene to form dithiadiazolyl radicals 
essentially produced intractable products with spectra that are difficult to interpret. 
Moreover, it is unlikely that the radical had formed in any of these cases as the EPR 
spectrum for the 4-hydroxy- derivative showed no signal corresponding to an unpaired 
electron. 
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orange-yellow powder which was shown by mass spectrometry (Figure 3.14) to be the 
desired dithiadiazolylium chloride salt, [10]. Reduction reactions with Ph3Sb proceeded 
similarly to standard reactions as the colour changed from orange-yellow to purple. 
However, crystals could not be grown by sublimation as a sticky residue was obtained. Due 
to the silylation of the product, it was theorised that 4-(3′-trimethylsiloxyphenyl)-1,2,3,5-
dithiadiazolyl, [11], was, in fact, an oil at room temperature. Therefore, the reduction was 
attempted with Zn-Cu couple in THF on a larger scale. The red-purple solution was filtered 
off and dried in vacuo to yield a viscous red-purple oil which was shown by mass 
spectrometry (Figure 3.15) and electron paramagnetic resonance (Figure 3.16) analysis to be 
the desired radical, [11]. 
 
Figure 3.14: Mass spectrum showing the dithiadiazolylium ion of the desired salt: 4-(3′-
trimethylsiloxyphenyl)-1,2,3,5-dithiadiazolylium chloride, [10]. 
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Figure 3.15: Mass spectrum showing the fragmentation pattern of the 4-(3′-
trimethylsiloxyphenyl)-1,2,3,5-dithiadiazolyl radical, [11].  
 
Figure 3.16: EPR spectrum of the radical: 4-(3′-trimethylsiloxyphenyl)-1,2,3,5-
dithiadiazolyl, [11] (CH2Cl2: g = 2.010, aN = 5.1 G). 
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Figure 3.18: Mass spectrum of the desired salt: 4-(4′-trimethylsiloxyphenyl)-1,2,3,5-
dithiadiazolylium chloride, [13]. 
Reduction of the salt was performed using Zn-Cu couple in THF yielding a dark red-purple 
oil. Mass spectrometry (Figure 3.19) and electron paramagnetic resonance (Figure 3.20) 
revealed the oil to be the desired 4-(4′-trimethylsiloxyphenyl)-1,2,3,5-dithiadiazolyl radical, 
[14]. The dithiadiazolylium ion is barely visible at m/z = 270 and the base peak at m/z = 192 
corresponds to the loss of SSN. 
 
Figure 3.19: Mass spectrum of the 4-(4′-trimethylsiloxyphenyl)-1,2,3,5-dithiadiaozlyl, [14] 
showing the molecular ion at m/z = 270 and the loss of SSN at m/z = 192. 
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Quenching the reaction with SCl2 immediately precipitated a red-orange solid. The 
precipitate was worked up as before to yield a light orange powder which was analysed by 
mass spectrometry (Figure 3.23). The spectrum showed the desired dithiadiazolylium ion of 
4-(3′-trimethylsilazaphenyl)-dithiadiazolylium chloride, [16], as (M-H)+ at m/z = 267. Some 
further fragments and their corresponding m/z values are shown in the figure below. The 
base peak at m/z = 159.8602 corresponds to lithium bis(trimethylsilyl)amine (LiHMDS). In 
addition, the spectrum contains many unidentified peaks indicating that although the salt 
had formed, many side products had also formed. 
 
Figure 3.23: Mass spectrum of the crude powder resulting from the reaction to form the 
dithiadiazolyl heterocycle, [15] 
A reduction reaction with Ph3Sb was attempted with the crude salt, [16]. However, 
sublimation of the yellow residue yielded sulphur crystals. A repeat of the reduction and 
subsequent sublimation gave the same result. 
Therefore, it appeared that the dithiadiazolyl heterocycle, [16], could be formed in low 
yield by protecting the amine with a trimethylsilyl group. However, single protection was 
insufficient for the prevention of side reactions from occurring. Attempted reduction of the 
crude salt to the radical was unsuccessful. 
3.5.6) Revision of amino protection 
The method of protection for the amine group needed to be reconsidered as a result of 
the low yield of [16]. Amine protecting groups commonly used in the literature include 
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3.26). In the mass spectrum, the molecular ion of 4-(3′-N,N-di-tert-butylcarbamatophenyl)-
1,2,3,5-dithiadiazolyl, [19], is not observed although many of the peaks correspond to 
conceivable fragments of [19]. It was theorised that reduction had occurred during the 
workup to a small extent presenting the purple colour. To support this, a dilute sample of 
the purple powder in solution was analysed by EPR, which showed the quintuplet indicative 
of the dithiadiazolyl radical (Figure 3.27). 
 
Figure 3.26: MS spectrum of the purple powder containing [19] 
 
Figure 3.27: EPR spectrum of 4-(3′-N,N-di-tert-butylcarbamatophenyl)-1,2,3,5-
dithiadiazolyl, [19] (CH2Cl2: g = 2.010, aN = 5.0 G) 
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Sublimation of the powder yielded a red-purple film indicative of a dithiadiazolyl radical, 
however, no crystals were formed. Reduction reactions were also attempted with Ph3Sb 
which produced a sticky purple residue. However, no crystals could be obtained. 
3.5.8) Synthesis of 4-(4′-N,N-di-tert-butylcarbamatophenyl)-1,2,3,5-
dithiadiazolyl 
The synthesis of this molecule followed the same procedure as the synthesis of [19]. 
Workup of the reaction yielded a pink-purple powder. Mass spectrometric analysis of the 
powder (Figure 3.28) did not show the molecular ion of the desired molecule, however, 
many peaks corresponding to conceivable fragments of [20] are observed. A dilute solution 
of the purple powder was analysed by EPR which showed the quintuplet indicative of the 
dithiadiazolyl radical (Figure 3.29). 
The powder was sublimed yielding a red-purple film indicative of a dithiadiazolyl radical, 
however, no crystals were formed. Further reduction of the powder was attempted with 
Ph3Sb. Sublimation of the purple residue yielded a purple film but no single crystals. 
 
Figure 3.28: MS spectrum of the crude reaction mixture to form [20] 
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Figure 3.30: EPR spectrum of the residue after the attempted lithium-halogen exchange 
reaction and CO2 quench. The pentet is indicative of a dithiadiazolyl radical. Thus, the 
radical species survived the lithium-halogen exchange and did not react with the n-BuLi. 
(298 K, CH2Cl2: g = 2.010, aN = 5.2) 
 
Figure 3.31: Mass spectrum of the product of the attempted lithium halogen exchange 
reaction with [22] and quench with CO2 to form 4′-carboxyphenyl-1,2,3,5-dithiadiazolyl. 
The spectrum shows peaks corresponding to [22] and none corresponding to the desired 
product indicating that the reaction was unsuccessful. 
3.8) Conclusions 
This study into the viability of synthesising dithiadiazolyl radicals containing hydrogen-
bonding functional groups for use in crystal engineering and co-crystallisation experiments 
has shown that this is not trivial. The common method to synthesise dithiadiazolyl radicals 
using LiHMDS cannot be used on nitriles which contain acidic hydrogen atoms. Although a 
small amount of the dithiadiazolylium chloride salt is formed, it is difficult to separate from 
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Figure 4.1: Diagram of the asymmetric unit of [1] in the solid state. Molecules dimerise in 
a cis-oid fashion through intermolecular S···S contacts. Non-hydrogen atoms in [1] are 
depicted as ellipsoids (50%). 
 
 
Figure 4.2: Crystal packing diagram of [1] viewed in the b-c plane. Dimers of radicals stack 
in columns normal to this plane. The radicals are shown to pack in antiparallel chains 
(shown in green for example) stabilised by CN···S-S interactions. 
In addition to the CN···S-S interactions, the chains are stabilised by S···N contacts 
between dimers in adjacent chains. Because of the two-fold screw axis along which the 
chains are situated, it can be seen that these interactions alternate between the adjacent 
chains on either side of a given chain (Figure 4.3). 
 
 
Figure 4.3: Crystal packing diagram of [1] showing interchain S···N contacts (red dashed 
lines). 
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This particular dithiadiazolyl radical, [1], is of interest because its β-phase (β-[1])2 
is isostructural3, 4 with its fluorinated derivative: 3’-cyanoperfluorophenyl-,1,2,3,5-
dithiadiazolyl,1 [2] (Figure 4.4).† The radical [2] crystallises in the monoclinic space group 
P21/n with a single molecule in the asymmetric unit that forms half of a trans-antarafacial 
π*-π* dimer stabilised by S···S contacts of 3.115(1) Å (Figure 4.5). 
 
Figure 4.4: Asymmetric unit of [2]. Atoms are depicted as ellipsoids (50%). 
 
Figure 4.5: Crystal structure diagram showing intradimer S···S contacts in [2] (3.115(1) Å) 
as blue dashed lines and bifurcated interdimer CN···S-S contacts (3.037(3) – 3.101(2) Å) as 
red dashed lines. 
To date, this is the only example of isostructurality between a 1,2,3,5-dithiadiazolyl 
radical and its fluorinated counterpart. Because β-[1] and [2] differ only in the exchange of 
the hydrogen atoms in β-[1] for fluorine atoms to give [2], these two radicals show promise 
as possible co-crystal formers as this could be likened to the phenyl-perfluorophenyl co-
crystal (see Chapter 2). Furthermore, due to this isostructurality, a co-crystal between these 
two radicals may be more likely to form than between molecules with very different crystal 
structures making this combination of radicals worthy of investigation.  
In addition, in both β-[1] and [2], the disulphide unit of the asymmetric unit forms a 
bifurcated interaction with the nitrile of an adjacent, crystallographically independent 
molecule (CN···S-S = 3.037(3) – 3.101(2) Å). Figure 4.6 shows a comparison between the 
                                                     
†
 The term isostructural describes two crystals that have the same crystal structure with small comparable 
variations in atomic coordinates permissible. Identical unit cell dimensions are not necessarily required. 
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crystal structures of β-[1] and [2]. The crystal structure of β-[1] forms similar trans-
antarafacial dimers (S···S = 3.141 Å) with bifurcated CN···S-S contacts of 2.979 – 3.102 Å.5 A 
structural overlay of these two radicals (calculated in Mercury6-9) is shown in Figure 4.6c. 
Interestingly, the dithiadiazolyl heterocycle is co-planar with the phenyl ring in β-[1] 
whereas there is a 15° out-of-plane tilt angle in [2] due to the large fluorine atoms in the 
positions ortho- to the dithiadiazolyl heterocycle. This 15° out-of-plane tilt angle is much 
smaller than that seen in other fluorinated dithiadiazolyl radicals,10-13 suggesting a 
compromise in the torsion angle to maximise intermolecular contacts and minimise void 
space. 
   
   
Figure 4.6: Comparison of the crystal structures of β-[1] and [2]: a) packing diagram of β-
[1] viewed down the b axis, b) packing diagram of [2] viewed down the b axis, c) structural 
overlay of [1] (red) and [2] (blue) calculated in Mercury6-9 showing the isostructurality of 
[1] and [2] (intermolecular contacts are shown as black lines) and d) structural overlay of 
[1] and [2] showing the 15° out-of-plane tilt angle of the dithiadiazolyl heterocycle in [2] 
(blue) in comparison to the co-planar [1] (red). 
The introduction of a supramolecular synthon such as CN···S-S into the known co-crystal 
consisting of phenyl- and perfluorophenyl-1,2,3,5-dithiadiazolyl radicals using [1] and [2] as 
co-crystal formers could form chains in the solid state such as those observed in α-[1]. In 
addition, co-crystallisation with [2] could minimise Peierls’ distortion through the formation 
of uniform stacks due to the aryl-perfluoroaryl interaction. 
4.2.2) The Nitro-Halogen Synthon 
The nitro-halogen synthon was first identified during a study of the crystal structures of 
4-chloro- and 4-bromo-β-nitrostyrene.14, 15 In 1996, Thalladi et al. showed that the nitro-
iodo synthon is robust in the presence of a stronger synthon such as the carboxyl dimer.16 
a) b) 
d) c) 
15° 
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Furthermore, a computational study17 of the X···O2N interaction (X = Cl, Br, I) showed the 
interaction energies of the Cl···O2N and Br···O2N interactions to be -5.74 and -6.54 kJ mol
-1, 
respectively, and from the trend observed the I···O2N interaction was tentatively estimated 
at approximately -10 kJ mol-1. Although these interactions are too weak to inhibit the 
dimerisation of radicals, they could induce interesting structural changes in the molecular 
crystal. 
For this reason, the para-bromo-, para-iodo-, meta-nitro- and para-nitrophenyl-1,2,3,5-
dithiadiazolyl radicals (Figure 4.7) were synthesised. The chloride salts of each of these 
derivatives have all previously been synthesised,18, 19 whereas only synthesis of the para-
iodo-,20 meta-nitro-,21 and para-nitrophenyl-radicals22 has previously been reported. 
Furthermore, only the crystal structure for [4] is known.20 
Br
N
S
S
N
I
N
S
S
N
O2N
N
S
S
N
N
S
S
N
O2N
 
Figure 4.7: Molecular structures of the target molecules: [3] - para-bromophenyl-
dithiadiaozlyl, [4] - para-iodophenyl-dithiadiazolyl, [5] - meta-nitrophenyl-dithiadiazolyl 
and [6] - para-nitrophenyl-dithiadiazolyl 
During this study, the crystal structures of the para-bromo- ([3]) and meta-nitro- ([5]) 
1,2,3,5-dithiadiazolyl radicals were determined. Sublimation of the para-nitrophenyl-
dithiadiazolyl radical after reduction experiments with Ph3Sb or Zn-Cu couple in THF did not 
yield crystals of suitable quality for single crystal x-ray diffraction analysis. Before discussing 
the co-crystallisation experiments that were conducted, the two novel crystal structures will 
briefly be described. 
 
 
 
 
[3] [4] 
[6] [5] 
Stellenbosch University http://scholar.sun.ac.za
Chapter 4: Novel Crystal Structures & Further Co-crystallisation Experiments 
 
116 
4.3) Two Novel Crystal Structures 
4.3.1) The Crystal Structure of 4-(4ʹ-bromophenyl)-1,2,3,5-
dithiadiazolyl, [3] 
The asymmetric unit of the crystal structure of [3] is shown in Figure 4.8. Molecules of [3] 
dimerise in a cis-oid configuration stabilised by two intradimer S···S contacts (3.056(1) – 
3.132(1)  Å). Dimers pack in a herring-bone fashion in sheets in the b-c plane (Figure 4.9) 
stabilised by orthogonal Br···S-S (3.382(1) – 3.512(1) Å), Br···Ar (3.290(2) Å), Br···S (3.580(1) 
Å) and S-S···Ar (3.321(2) – 3.346(2) Å) interactions (Figure 4.9). These values were compared 
to the sum of the van der Waals radii23 in each case: Br···S – 3.8 Å, Br···ArC – 3.65 Å and 
S···ArC – 3.55 Å. Each interaction is appreciably shorter than the sum of the van der Waals 
radii. In addition, the herring-bone sheets are stacked above one another and stabilised by 
close lateral S···N contacts (3.065(3) – 3.166(3) Å) which are slightly shorter than the sum of 
the van der Waals radii (3.2 Å)24 (Figure 4.10). The small twist angles between the 
dithiadiazolyl heterocycle and the aryl ring (-5.46 – -8.40°) is comparable to other phenyl-
substituted dithiadiazolyl radicals (0.8 – 17.3°).25 
 
Figure 4.8: Asymmetric unit of the 4-(4ʹ-bromophenyl)-1,2,3,5-dithiadiazolyl radical, [3]. 
Cis-oid dimers form in the solid state with intermolecular S···S contacts (3.056(1) and 
3.132(1) Å) shown as red dashed lines. Non-hydrogen atoms are modelled as ellipsoids 
(50%). 
 
Figure 4.9: Crystal packing diagram of the b-c plane of [3] showing interdimer contacts as 
dashed lines: green - Br···S-S, dark blue - Br···Ar, red - Br···S and light blue – S-S···Ar. 
Intradimer S···S contacts are shown as dashed orange lines. 
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Figure 4.10: Crystal packing diagram [3] showing inter-dimer S···N contacts (3.065(3) – 
3.166(3) Å) (red dashed lines) between herring-bone sheets of dimers. 
4.3.2) The Crystal Structure of 4-(3’-nitrophenyl)-1,2,3,5-
dithiadiazolyl, [5] 
The 4-(3ʹ-Nitrophenyl)-1,2,3,5-diathiadiazolyl radical crystallises as long, thin, red needles 
in the space group P21/n. In the solid state, molecules of [5] dimerise in a cis-oid fashion 
with intradimer S···S contacts (3.066(2) – 3.089(2) Å) (Figure 4.11) forming chains in the b-c 
plane (Figure 4.12). These chains are stabilised by interchain close lateral S···N contacts of 
3.192(4) – 3.269(4) Å (Figure 4.12). 
 
Figure 4.11: Asymmetric unit of 4-(3ʹ-nitrophenyl)-1,2,3,5-dithiadiazolyl, [5], showing cis-
oid dimerisation through strong intermolecular S···S contacts (3.066(2) – 3.089(2) Å). Non-
hydrogen atoms are modelled as ellipsoids (50%). 
 
Figure 4.12: Crystal packing diagram of [5] viewing the b-c plane in which radical dimers 
form chains stabilised by interdimer NO2···S-S (2.865(4) – 3.222(4) Å) interactions and 
interchain S···N contacts (3.192(4) – 3.269(4) Å). 
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Dimers in the chain are linked by close S···O contacts of 2.865(4) – 3.222(4) Å, which are 
slightly shorter than the sum of the van der Waals radii23 of 3.25 Å. In fact, the interdimer 
S···O contacts involve staggered dimer pairs in the columns normal to the b-c plane (Figure 
4.13). Dimer pairs are coloured differently to show their staggered conformation relative to 
adjacent columns. Furthermore, Figure 4.14 shows alternating layers of [5] in the columns 
(coloured blue and green). These two layers are distinguished from one another by the 
NO2···S interactions formed between molecules in the chain. In the blue layers, the 
molecules in the chain are linked together by a NO2···S-S interaction, or in other words, two 
O···S interactions (3.030(4) – 3.222(4) Å). In contrast, green layers contain chains of 
molecules linked by only one O···S interaction (2.865(4) Å). 
 
Figure 4.13: Crystal packing diagram showing layers of staggered dimers of [5] forming 
chains linked by NO2···S interactions. Chains of dimers are coloured differently. 
 
Figure 4.14: Crystal packing diagram showing different layers of [5] distinguished by their 
chain-forming interactions: the blue layers contain molecules of [5] in chains linked by a 
NO2···S-S interaction (or two O···S interactions) whereas the green layers contain 
molecules of [5] in chains linked by a single NO2···S (or O···S) interaction. 
As a result of these interactions, a three-dimensional network of interactions is formed. 
This could act as a magnetic exchange pathway if spin-pairing through dimerisation could be 
overcome in the solid state. A good example of this is the 4-(4ʹ-nitroperfluorophenyl)-
1,2,3,5-dithiadiazolyl radical12 which exhibits ferromagnetic ordering up to 1.6 K propagated 
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by a three-dimensional magnetic exchange pathway through Nheterocycle···Nnitro and S···O 
contacts. Spin-pairing of these radicals does not occur in the solid state as the radicals exist 
as monomers. 
The heterocycle-aryl twist angle observed in [5] ranges between 8.49 – 11.07° which is 
comparable to other phenyl-substituted dithiadiazolyl radicals.25 In addition, the nitro group 
is also twisted out of the plane of the phenyl ring by 4.59 – 12.10°. The larger twist angle is 
observed for the nitro group which forms two O···S contacts whereas the smaller twist angle 
corresponds to the nitro group which only forms the single O···S contact in the solid state. 
It was surprising to find that the crystal structure of [5] is, in fact, isostructural with the α-
phase of 4-(3ʹ-cyanophenyl)-1,2,3,5-dithiadiazolyl, α-[1]. A structure overlay of the two 
crystals structures was in calculated in Mercury6-9 showing significant similarity between the 
two structures (Figure 4.15). 
 
Figure 4.15: Structure overlay showing the isostructurality of [1] and [5] (calculated in 
Mercury6-9). Short contacts are omitted for clarity. A small difference in the out-of-plane 
twist angles, 1-5°, of the heterocycles with respect to the plane of the aryl rings is 
noticeable. 
4.4) Co-crystallisation Experiments 
4.4.1) [1] & [2] in THF 
Considering that the powder patterns of 3ʹ-cyanophenyl-[1] and 3ʹ-
cyanoperfluorophenyl-[2] are different (Figure 4.16), analysis by powder x-ray diffraction 
provides a suitable means to determine whether a co-crystal had formed. Furthermore, the 
work presented in Chapter 2 showed that the co-crystals could be formed by mixing the two 
co-crystal formers in THF and removing the solvent in vacuo. Therefore, an experiment to 
determine whether a co-crystal of [1] and [2] could be made by this simple method was 
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